The electrophoretic mobility of mature spinach (Spuiacia okracea L. var. Americana) chloroplasts sampleI over a 7-month period was between -2.03 and -2.45 micrometers per second per volt per centimeter when suspended in a solution containing 1 milimolar CaC12. The surface charge density of EDTA-treated chloroplasts was calculated to be -7,400 electrostatic units per square centimeter representing, on the average, one electronic charge per 645 square Angstroms. Electrophoretic mobility increases during plastid maturation. Calcium, but not magnesium, generally stabilized the envelope of isolated plastids against small increases in surface charge that occur with time in the absence of calcium. Pronase caused a sharp, but temporary, decrease in the electrophoretic mobility of chloroplasts. This was interpreted as representing a transient bindi of pronase to the envelope surface during proteolysis. No -SH groups were detected on the surface of the plastid envelope. Inasmuch as the isoelectric point of intact chloroplasts was found to be at pH 4.5, it is likely that the major part of the total surface charge results from the presence of exposed carboxyl groups of intrinsic envelope proteins that are not readily hydrolyzed by mild pronase treatment.
The surfaces of many biological structures, such as plant cell walls, membranes, and organelles including chloroplasts, carry a net negative charge. Early experiments by Mercer et aL (9) showed that isolated chloroplasts of Nitella had an isoelectric point of the surface at pH 4.2 in sodium acetate buffer and a charge density at pH 6.25 of -2,455 electrostatic units/cm2. Neither the mobility nor the isolectric point was altered by treatment with 1% trypsin for 2 h at 37°C. Nakatani et aL (10) more recently presented similar data for the pH electrophoretic profile for intact pea chloroplasts. In contrast to an early report by Nobel and Mel (12) , Nakatani et al. (10) were unable to observe any significant light sensitivity of the electrophoretic mobilities of either intact spinach or pea chloroplasts or thylakoids. Since Nobel and Mel isolated spinach chloroplasts in buffered NaCl solutions, it is likely that they were dealing with broken (Class II) plastids rather than intact chloroplasts as they believed. Except for these reports and two studies on organelle separation using electrophoretic procedures (6, 13) , electrophoretic mobility studies do not appear to have been made on intact plant organelles.
Remarkably, little is known concerning the specific groups at the surface of the chloroplast envelope that are responsible for the negative charges. In including the nature of the charged groups. This work, particularly studies on human blood platelets, leukocytes, lymphocytes, and erythrocytes, has been reviewed comprehensively by Mehrishi (7) .
Recently, Barber and colleagues have used electrophoretic mobility data to calculate surface charge density on pea chloroplast thylakoids (2, 10, 11) . It was concluded from these studies that the net negative charge that exists on chloroplast thylakoids at the physiological pH range is due to the carboxyl groups of glutamic and aspartic acid residues of exposed portions of intrinsic membrane proteins. These authors stressed the existence of the diffuse layer adjacent to the thylakoid surface and its effect on ionic distribution. In addition, they suggested that the outer surface of the envelope of intact chloroplasts shares characteristics similar to those of the thylakoid membrane.
We have used the microscope method of measuring electrophoretic mobilities to gain useful information concerning the outer surface of the chloroplast envelope.
MATERIALS AND METHODS
Chloroplasts. Chloroplasts were isolated from spinach leaves (Spinacia oleracea L. var. Americana) grown in pots in a greenhouse or from spinach obtained from a local market. Unless otherwise indicated, chloroplasts were isolated at ice temperature by chopping 10 g leaves in 25 ml isolation medium (0.4 M sucrose, 0.05 M Hepes buffer, pH 7.4, and 0.1 mm CaCl2) for 1 min with an electric knife fitted with razor blades (4). In some experiments, 0.5% BSA and various concentrations of CaCl2 or MgCl2 or EDTA were used in the isolation medium as indicated in the descriptions of the experiments. The brei was rapidly filtered through nylon net and centrifuged at lOOg for 1 min and the supernatant was centrifuged for 2 min at 2,000g. The 2,000g pellet was resuspended in the isolation medium and either used directly or washed by repeating the centrifugation steps. Samples were monitored by phase microscopy, and the percentage of intact chloroplasts, visually estimated, ranged between 70 and 90o. In some experiments, possible structural changes of the chloroplast envelope were studied by electron microscopy.
Chloroplast Electrophoresis. We used the cylindrical glass cell designed by Bangham et al. (1) (7) . The high electrophoretic mobility of chloroplasts is indicative of the particularly high negative charge that is carried by the outer surface of the chloroplast envelope.
Inasmuch as the presence of divalent cations in the resuspension medium would tend to suppress the zeta potential and decrease the electrophoretic mobility of the chloroplasts, chloroplasts were isolated, washed, and resuspended in a solution containing 1 mm EDTA and in the absence of 1 mm CaCl2. The electrophoretic mobility of these plastids was -2.62 ± 0.14 pum/s per v per cm.
It is possible to estimate, from measured electrophoretic mobilities, the zeta potential, ;, associated with charged particles by using the Smoluchowski modification of the Helmholtz equation (7, 14) : it gives our best estimation, although admittedly an underestimate, of the zeta potential of these systems.
The zeta potential for normal human erythrocytes is -13.9 mv (7), while that for chloroplasts from mature spinach leaves isolated in the presence of EDTA was calculated to -33.7 mv. This is considerably higher than zeta potentials of -15 to -20 mv found for most cells but is in agreement with the values reported by Nakatani et al. (10) for the zeta potential of chloroplast thylakoids. It should be noted that the electrophoretic mobilities used in our calculations were obtained for chloroplasts isolated, washed, and suspended in a solution containing 1 mM EDTA which would minimize the divalent cation effect of reducing the potential.
Charge Density on the Surface of the Chloroplast Envelope. Chloroplasts isolated and washed in the presence of 1 mm EDTA as described above were resuspended, washed, and again resuspended in a solution containing 0.16 M sucrose, 0.12 M NaCl, 50 mM Hepes, pH 7.6. The resuspended plastids were passed gently through nylon mesh. Their electrophoretic mobility was -2.10 p,m/s per v per cm, and their zeta potential was calculated to be -27 mv. The surface charge density, a, was calculated by use of a modified form of the Gouy-Chapman equation (14) . According to Mehrishi (7), for aqueous NaCl at an ionic strength of 0.14 and 25°C, this equation becomes: (10) . However, such calcul-atio-ns give us no insight into the heterogeneity of charge distribution that undoubtedly exists on these surfaces.
Effects of Plastid Maturity on Electrophoretic Mobility. In order to test whether the charge density on the surface of the chloroplast envelope changes with plastid maturation, chloroplasts were isolated from very young expanding and from mature fully expanded leaves of spinach. Table II shows that chloroplasts isolated from fully expanded leaves with an average face view diameter of 4 ,um had an average electrophoretic mobility of -2.16 + 0.11 ,um/s per v per cm, while those from young expanding leaves with an average surface view diameter of 3.58 ,um had an average of -1.80 + 0.01 ,tm/s per v per cm, corresponding to zeta potentials of -27.8 and -23.1 mv, respectively. Similar differences between plastids from immature and maturing leaves of greenhouse-grown spinach were observed (Table II) . Since surface charge densities and zeta potentials are proportional at low potentials, this increase in zeta potential of chloroplasts with maturation indicates that there is an increase in the charge density on the envelope during chloroplast maturation. This presumably is a reflection of a developmental change taking place in the composition of the outer membrane of the chloroplast envelope during the maturation of the plastid.
Effects of Divalent Cations on the Electrophoretic Mobility of Plastids. When chloroplasts were isolated in a medium containing 1 mM MgCl2 instead of 1 mm CaCl2, it was observed that the mobility of the chloroplasts increased with time after isolation (Fig. 1) . Consequently, the effects of various concentrations of MgCl2 and CaCl2 in the isolation and suspending media were studied. Figure 1 shows that when chloroplasts were isolated and resuspended in a solution containing 1 mm Ca2+ instead of 1 mM Mg2+, their electrophoretic mobility remained relatively constant over 1 h of storage at ice temperature. (Samples were taken periodically for electrophoretic mobility determinations.) In contrast, there was a gradual increase in plastid mobility when I mm Mg2+ replaced the Ca2+ in the isolation and suspending media. These changes in the electrophoretic mobility with time after chloroplast isolation could result from small changes that probably occur in the surface composition of the chloroplast envelope during and after isolation. Such a change would be expected to significantly affect the envelope properties, particularly its permeability to and binding of ions and charged molecules. In most, but not all, experiments, the presence of calcium ions in the medium tended to stabilize the envelope and reduce the changes in the electrostatic charge at the surface.
At higher concentrations of divalent cations in the solutions, the (Table III) . This initial decrease in mobility was rapidly followed by a recovery. Superimposed on this initial rapid recovery was a slow increase in mobility comparable, in this experiment, with the increase observed in mobility of control plastids with time. There is also a tendency for chloroplast clumping to decrease with time.
When the pronase was removed from the suspending medium by washing, the mobility of the treated plastids approximately equaled that of the untreated plastids. Although the exact cause has not yet been determined, a possible explanation of this pronase effect is that there is an initial binding of the pronase to the plastid surface that may partially block some of the negative charges. As of specific transport systems, the distribution of ions and charged molecules immediately adjacent to the surface and the penetration of charged solutes across the chloroplast envelope must also be influenced by the electrostatic charge on the outer membrane. The existence of one negative electrostatic charge for every 645 A2 of chloroplast surface emphasizes the importance of the levels of cations, particularly divalent cations either in the surrounding cytoplasm or in the medium in which isolated plastids are suspended, on the activities of the intact chloroplast. However, this study gives us no indication of actual distribution of charges at the plastid surface, but one would expect them to be concentrated in hydrophylic regions of the membrane.
If it is true, as suggested by an isoelectric point of 4.5 and in agreement with Nakatani et al. (10) , that the carboxyl groups of glutamic and aspartic residues of intrinsic proteins of the membrane are responsible for the negative surface charges on intact chloroplasts, such residues in the plastid envelope must be protected against mild proteolysis inasmuch as treatment with pronase as reported here and with trypsin (8) failed to alter permanently the electrophoretic mobility of intact chloroplasts. However, approximately 15% of the total lipids of the envelope (excluding pigments) is made up of sulfoquinovosyldiglyceride (6%), phosphatidylglycerol (8%), and phosphatidylinositol (1%) (3) . Each of these would carry one net negative charge at pH 7.6, and inasmuch as their ionic groups are on the surface of the membrane, any of these molecules in the outer membrane of the envelope would contribute to the total surface charge.
